Invisible Z' as a probe of extra dimensions at the CERN LHC 
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A class of extra dimensional models with a warped metric predict tunneling of a massive particle 
localized on our brane and escaping into additional dimensions. The experimental signature of this 
effect is the disappearance of the particle from our world, i.e. the particle — ► invisible decay. We 
point out that measurements of Z' — > invisible decay width of a new heavy gauge boson Z' at 
the CERN LHC can be effectively used to probe the existence of large extra dimensions. This 
result enhances motivations for a more sensitive search and study for this decay mode and suggests 
additional direction for testing extra dimensions in collider experiments. 

PACS numbers: 14.80.-j, 12.60.-i, 13.20.Cz, 13.35.Hb 



Presently there is a big interest in models with ad- 
ditional dimensions [H-Q which might provide solution 
to the gauge hierarchy problem |5[-[8[; f° r a review see 
e.g. [9]. For instance, as it has been shown in the five 
dimensional model, so called RS 2-model @, there ex- 
ists a thin-brane solution to the 5-dimensional Einstein 
equations which has flat 4-dimensional hyper surfaces, 



Here 



ds 2 = a 2 (z)n^ LU dx fl dx u — dz 2 



a(z) = exp(—k\z\) 



(i) 



(2) 



and the parameter k > is determined by the 5- 
dimensional Planck mass and bulk cosmological constant 
and represents a scale of new physics. 

Not long ago, a peculiar feature of massive matter in 
brane world has been reported [Io[. It has been shown 
that particles initially located on our brane may leave the 
brane and disappear into extra dimensions. These kind 
of transitions have been found to be generic in a class 
of models of localization of particles on a brane. The 
localization becomes incomplete if particles get masses 
and they could tunnel from the brane into extra di- 
mensions. The experimental signature of this effect is 
the disappearance of a particle in our world, i.e. the 
particle — > invisible decay. 

Particles disappearing into bulk are inherent also in 
string theory, e.g. the disappearance into bulk have 
been found in the context of noncommutative gauge the- 
ories [11]. The difference, though, is that massless gauge 
bosons (photon and gluon) as well as particles charged 
under unbroken gauge group are strictly bound to the 
brane, and only massive and electrically neutral gauge 
bosons can disappear into bulk. Interestingly, this pro- 
cess in the noncommutative soliton context is opened 
up by the Higgs mechanism [11]. For disappearance 
processes to be reasonably fast, the string energy scale 
should be in 1-10 TeV range. Such low string scale is 
behind many ideas beyond the SM, see, e.g., Ref. [ll| 
and references therein. 

The case of the electromagnetic field propagating in 
the Randall- Sundram type of metric in the presence of 



extra compact dimensions [H, Qjl has been considered 
in [13[, where it was shown that the transition rate of 
a virtual photon into additional dimensions is different 
from zero. This effect could result in disappearance of a 
neutral system, orthopositronium (o — Ps) [14], a triplet 
bound state of an electron and positron, at a rate within 
two orders of magnitude of the present best experimental 
limit on the branching ratio of the o — Ps — » invisible 
decay Br(o - Ps ^ inv) < 4.3 x 10~ 7 (90% C.L.) from 
the recent ETH-INR experiment [HI . 

The lower limit on the k— parameter, which can be 
extracted from the results of this experiment is 



k > O.bTeV 



(3) 



Stronger bounds on the parameter k for photons escaping 
into extra dimensions can be obtained from astrophysical 
considerations [16[. 

Consider now the disappearance of the Z bosons. The 
transition rate into additional dimension(s) of the Z on- 
shell is given by [l3|, Q3] 



T = q(n)M z ( 



(4) 



where q(ri) is a numerical coefficient, and Mz is the Z 
mass. To make a quantitative estimate, we take n = 2 
( (4+2+l)-dimensional space-time). In this case the Z 
disappearance rate is given by [14j 



r ^ ttM z ,M Z v2 
16 ' k ' 



(5) 



Important bounds on the parameter k and T(Z — > 
add. dim.) arise from the combined LEP result on the 
precise measurements of the total and partial Z widths 
El El: 



k > 17 TeV 



(6) 



The limit of Eq.© is much stronger than the one of 
Eq.([3]) obtained from positronium measurements. Note 
that combined result on direct LEP measurements of the 
invisible width [18[ gives less stringent limit [14]: 



k > 4 TeV 



(7) 
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FIG. 1: Schematic illustration of the production and disap- 
pearance processes of Z' bosons in pp collisions at LHC: pro- 
tons and quarks propagate along the our brane while Z' es- 
capes into extra dimensions. 



To solve the gauge hierarchy problem models with addi- 
tional dimension(s) one may expect 

k ~ 10 TeV (8) 

which is consistent with bounds of Eqs. (|3l6|7p . 

Similarly, consider now the new TeV-scale boson Z' 
which appears in many models of physics beyond the 
SM, for a review see e.g. [Hj]. Z' bosons that decay 
to leptons have a simple, clean experimental signature, 
and consequently can be searched for up to high masses 
at colliders. Current direct search limits from Tevatron 
experiments restrict the Z' mass to be greater than about 
900 GeV when its couplings to SM fermions are identical 
to those of the Z boson [171 ]. 

The Z' is a good candidate for the searching for effect 
of disappearance into additional dimension(s), since it 
potentially could be discovered at the LHC with a mass 
up to 5 TeV, see e.g. [20]. Schematically, the disappear- 
ance of Z' produced in pp collisions into extra dimensions 
is illustrated in Fig. [TJ As it follows from Eqs. (|5|8|h for 
Mz < 5 TeV one may expect 

Y(Z' -> add dim) < 10 GeV (9) 

Consider, for comparison the Z' — > vv decay rate 
to the SM neutrinos in several canonical Z 1 models 
[l9[. First we shortly describe these models and the SM 
fermions couplings the Z' . 

• the E6 models - are described by the breaking chain 
E 6 SO(10)xf7(l)^ SU(5)xU(l) x xU(l)^ 



SM x U(l)p. Many studies of Z' are focusing on 
the two extra U(l)' which occur in the above de- 
composition of the Eq. The lightest Z' is defined 
as : 

Z' = Z' x cos(5 + Z^sin/3 (10) 

where the values (3 = and (3 = tt/2 corresponds 
to pure Z' x and Z'^ states of the x~ an d ^-model, 

respectively. The value (3 = arctan(— y/5/3) is re- 
lated to a Z^ boson that would originate from the 
direct breaking of Eq to a rank-5 group in super- 
strings inspired models. 

• the Left-Right Symmetric (LRSM) model is based 
on the symmetry group SUc(3) <S> SUl(2) <S> 
SUr(2) <g> U(1) B -l [21], in which B and L are 
the baryon and lepton numbers, respectively. The 
model necessarily incorporates three additional 
gauge bosons W R and Z' . The most general Z' 
is coupled to a linear combination of right-handed 
and B — L currents: 

J LR = a LRJsR - ( 1 / 2a LR)J^_ L (11) 

where a LR V( c w9r)/ s w9l) ~ ^ with 9l = 
e/sw and qr are the SU{2)l and SU{2)r cou- 
pling constant with = 1 — c 2 ^ = sin 2 Qw 
T he a ^-parameter is restricted to be in the range 
\/2/3 < aLR < \/~2. The upper bound corresponds 
to the so-called manifest LRSM with gi = gR, while 
the lower bound corresponds to the X" m °del dis- 
cussed above, since 5O(10) can results to both 
SU(5)xU(l) and SU(2) R ®SU(2) L ®U(1) break- 
ing parameter. 

• in the sequential model (SSM) the corresponding 
Z' boson has the same couplings to fermions as 
the Z of the SM. The Z' could be considered as 
an excited state of the ordinary Z in models with 
extra dimensions at the weak scale. 

The Z' boson partial decay width into a fermion- 
antifermion pair is given by 

T{Z' - //) = Nc^^Wf x 

[(l + 2 Vf )(glf + (l-4r 1f )(g f R ) 2 } (12) 

where Nc is a color factor (Nc = 3 for quarks and 
Nc = 1 for leptons), g{, g R are the left- and right-handed 
couplings of the Z' to the SM fermions, a is the electro- 
magnetic coupling constant, which is a ~ 1/128 at the 
Mz> scale, and y/ffj{= rrif/mz') is assumed to be <C 1. 
The left-handed couplings of the Z' to the SM neutrinos 
are A = S + g{ = for E 6 and 

LRSM models, respectively, while the right-handed cou- 
plings gf R = in both models. The (g{) 2 is restricted to 
lie in the range 0.07 ((3 ~ tt/2) < (g f L ) 2 < 0.45 ((3 ~ 0.4) 
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for the E 6 model[27| and in the range 1/8 < (g f L ) 2 < 3/8 
for the LRSM model. 

In Fig 12 the dependence of the rate Y(Z f — > add dim) 
and the total decay rate Yi(Z' — > VjVi) of Z r to the SM 
neutrinos are shown as a function of the Z' mass for 
different k— parameters. The results are obtained for 
Eq and LRSM models taking into account uncertainties 
in the g{ coupling. One can see, that for the most of 
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FIG. 2: The dependence of the rate Y(Z' — > add dim) as 
a function of the Z' mass for different k— parameters shown 
near the curves. The shaded region represents the possible 
values of Yi(Z' — > ViVi) decay rate calculated for E6 (upper 
plot) and LRSM models taking into account uncertainties in 
the g^ L coupling (see text). 



the parameters space the Z' — > add dim rate either is 
comparable or dominates the total Yi{Z' — » v^Di) rate. 
If, for example the Z' mass is Mz 1 = 1.5 TeV and fc ~ 
10 TeV, the Y(Z f — > add dim) rate is about factor 2 
greater then the largest Yi(Z' — > ^17^) decay rate in the 
LRSM model. Hence, if Z' is observed at the LHC, the 
question of accurate measurements of its properties and, 
in particular of its invisible decay rate, is of great interest 
for possible observation of extra dimensions. 

The experimental signature of Z 1 — > inv process at 
the LHC is the large missing E T (> 150 - 200) GeV). 



This signature is relatively clean, however, in order to 
discover process Z' — > add dim one has to distinguish 
whether the extra invisible width Y(Z' — > add dim) could 
be determined over the background from the Z' decays 
into SM neutrinos. 




Z v -* add dim discovery region 




FIG. 3: Two regions of possible branching fraction Y{Z r — ► 
add dim) /Y i nv in E6 (upper plot) and LRSM models deter- 
mined for Mz> =1.5 and 3.5 TeV by taking into account 
uncertainties in the g^ L coupling. The central part in the up- 
per plot is the overlap between the regions, see plot below 
for comparison. The shaded areas corresponds to Y[Z' — > 
add dim) /Y i nv > 0.3 for which the process Z' — > add dim 
could be seen at the LHC for the integrated luminosity of 30 
fb- 1 . 



Recently, an interesting analysis relevant to the present 
discussion has been reported [23|, [24], HH- It has been 
shown that among several reactions of Z' production in 
pp collisions at the LHC, the reaction pp — > ZZ' — > 
/ + /~ + E™ lss of associated Z and Z' production is quite 
convenient to study Z' — > inv decay properties. It has 
been demonstrated that for the most popular models 
the invisible Z' decay can be seen over the SM back- 
ground with a significance of Sj VB = 3 at 10 fb -1 , while 
S/y/B = 5 can be reached with 30 fb -1 . 

An important observation is that if the only invisible 
decays of the Z' are to SM neutrinos, the invisible width 
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of this process can be predicted from the analysis of the 
Drell-Yan Z' production [2J]. Then, the additional con- 
tribution AT inv to the T inv can be determined as an 
excess over expected pp — > ZZ' — > / + /~ + E™ lss cross- 
section predicted by the analysis of on-peak data. The 
initial analysis demonstrates that if ATi nv contributes to 
the total invisible width at the level of > 30%, the cor- 
responding underlying process can be discovered at the 
LHC for the integrated luminosity of 30 fb _1 [25[. 

In FiglSl the regions of possible values for the decay 
branching fraction R — T(Z f — > add dim)/T inv ( here 
T inv = Y{Z' — > add dim) + Y^Z' — > v^Vi)) calculated 
in E6 and LRSM models, respectively, are shown for Z' 
masses of 1.5 and 3.5 TeV. One can see that the sig- 
nificant part of the (R, k) parameter space satisfies the 
condition R > 0.3 even with big uncertainties in the g{ 
coupling, thus making the process Z' — > add dim feasible 
for observation at the LHC. 



In summary, we have demonstrated that measurements 
of the Z' — > inv decay suggest an interesting addi- 
tional direction to probe extra dimensional physics at the 
CERN LHC. Although the results presented are model- 
dependent, we believe that they strengthen current moti- 
vations and justify efforts for more sensitive search for the 
Z' — > inv decay and accurate measurements of its proper- 
ties in LHC experiments. Detail simulations work, which 
is beyond the scope of this paper, is in progress [261 ]. 
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